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Abstract

Coelacanths are iconic fishes represented today by a single marine genus. The group was a
little bit more diversified in the Mesozoic, with representatives in marine and continental
environments in the Late Cretaceous. Here we describe isolated skull bones of the last
know freshwater coelacanths found in several fossil sites from the Early Campanian to the
Early Maastrichtian of Southern France (in the Departments of Aude, Bouches-du-Rhone,
Hérault, and Var). The sample does not allow distinguishing different species, and all mate-
rial is referred to Axelrodichthys megadromos Cavin, Valentin, Garcia originally described
from the locality of Ventabren in Southern France. A reconstruction of the skull is proposed.
Previously unrecognized features are described, including parts of the postparietal portion
of the skull, of the suspensorium and of the mandible. The new data confirm the assignation
of the species to the mawsoniids, and more specifically to Axelrodichthys. A cladistic analy-
sis scoring new character states provides a similar topology than a previous analysis, i.e. A.
megadromos is placed in a polytomy with Axelrodichthys araripensis and Lualabaea leri-
chei, two species from the Early Cretaceous of Brazil and from the Late Jurassic of the Dem-
ocratic Republic of the Congo, respectively. A. megadromos appears to have been
restricted to freshwater environments, to the contrary of oldest Western Gondwanan repre-
sentatives of the family that were able to live in brackish and marine waters. A. megadromos
is the last representative of the mawsoniids and its occurrence in Europe is probably the
result of a dispersal event from Western Gondwana that happened somewhen in the Creta-
ceous. Based on the available data, the mawsoniids went extinct in the mid-Maastrichthian,
i.e. before the end-Cretaceous mass extinction. But it is possible that the fossil record of this
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family, which has been only recently recognized in Late Cretaceous European deposits, will
geographically and stratigraphically widen with further discoveries.

Introduction

Coelacanths, or Actinistia, are known from the Early Devonian up to the present, with only
two living species, Latimeria chalumnae and L. menadoensis. The clade was never specious,
and it diversified a little in the Devonian and Carboniferous and attained a maximum of diver-
sity in the Early Triassic [1]. During the Cretaceous coelacanths are known by two families
only, the Latimeriidae, which were represented by a few genera and which survived to the pres-
ent with the genus Latimeria, and the Mawsoniidae, which went extinct a few million years
before the Cretaceous-Palaecogene boundary based on our current knowledge. In the Creta-
ceous, latimeriids were exclusively marine while mawsoniids were euryhaline, with species
dwelling in fresh and brackish waters. For a long time, the Cretaceous fossil record of mawso-
niids were restricted to Western Gondwana, i.e. South America and Africa. In 2004, an single
mawsoniid remain was found in the Late Cretaceous of Madagascar [2] and one year later, a
single lower jaw bone from the terminal Cretaceous of southern France was referred to a maw-
soniid coelacanth [3], thus extending the geographical and stratigraphical ranges of the family.
Recently, more complete cranial material belonging to a single specimen discovered in the
Early Campanian of Ventabren (Bouches-du-Rhéne Department, France) allowed to identify
a new species of Axelrodichthys, A. megadromos Cavin, Valentin, Garcia 2016. Axelrodichthys
is a genus previously known by two species from the early Cretaceous of Brazil, A. araripensis
Maisey, 1986 and A. maiseyi Carvalho, Gallo, Santos, 2013 (see [4] for a discussion of the status
of the latter species), but some evidence indicate that this genus, as currently defined, is also
present in Africa [2], [4], [5], [6]. A recent phylogenetic analysis of the family [7] found a
polytomy grouping the Cretaceous genera Lualabaea, Axelrodichthys, Mawsonia and, more
surprising, the Jurassic marine genus Trachymetopon.

Here we describe new material from several Late Cretaceous (Campanian and Maastrich-
tian) sites of Southern France (Aude, Bouches-du-Rhone, Hérault and Var Departments). The
new fossils show no significant differences with the type material of A. megadromos. Conse-
quently, all the material known from the Campanian and Maastrichtian of Southern France is
referred to this species, and a cranial reconstruction is proposed. The phylogenetic affinities
and the ecology of this coelacanth are discussed.

Localities and geological setting (Fig 1)
Early Campanian (“Valdo-Fuvélien” facies) localities

Ventabren—Aire de Repos (Bouches-du-Rhone) (acronym: VAR). This locality was
discovered and excavated by the staff from the University of Poitiers. It has yielded a partial
skull found by XV of a mawsoniid forming the type material of Axelrodichthys megadromos
[8]. Other fish remains include bones of a gar (lepisosteid) referred to Atractosteus africanus
[9] that was latter regarded as an indeterminate lepisosteid by Grande & Bemis [10]. Other ver-
tebrates include crocodiles, pleurodiran and cryptodiran turtles. Works by the staff from the
University of Poitiers with complementary researches by the staff from the Département des
Bouches-du-Rhone and from the natural history museum of Aix (MHNAIx) located the site at
the limit between the “Valdonnien” and “Fuvélien” facies on the basis of a bivalve and gastro-
pod assemblage (Corbicula concinna, Campylostylus galloprovincialis, Viviparus bosqui var.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234183  June 5, 2020 2/19


https://doi.org/10.1371/journal.pone.0234183

PLOS ONE New Late Cretaceous freshwater coelacanth remains from Southern France

Hérault ) Gacrfo . AI;'es e hsf lopi-de-Provence ™=~ 5 Amphoux -
/ ouches-qu-~<none i *
etts Mompe" Velatx - Ventabre Bastide Neuve
s Yo P
O EeEos e La Bastide Neuve|* ‘Velaux pmvence K. "W[Ollicre
74 v 4 \
ﬁ : o Var
Ibero-Armorican C * Masseca sokm Mediterranean Sea Bouc-Bel-Air (
Bhd ruzy - {
anemass Beziers o5 —Corbiéres Provence Bas-Languedoc
E g
b gle \Vigne-Vieille Fm.| i
Narbonne e C 5 *| Poudingue
Carcassonne ° 70k o Fin:
Aud u =" Bellevuel| ;
Limoux e E e Red assecaps Fox-Amphoux - Bastide Neuve
L L Estc o
* r o cgg;gfﬁfgsed» «Béguden\/e|aux - La Bastide Neuve
Espéraza . o é
* C O |Alet Sandstones ["Fuvaiony Oliisros)
Bellovue R C m— \Ventabren|Bouc-Bel-Air|
"""""" 85 o «Valdonnien»

Fig 1. Map of Southern France showing the Campanian—Maastrichthian main outcrops with the localities that have yielded mawsoniid fossil
remains. Geological information modified from http://infoterre.brgm.fr. The upper-left box shows the palacogeographical reconstruction of the area in
the Late Cretaceous (modified from Fondevilla et al. 2019 [40]). Stratigraphical chart showing correlations between lithostratigraphical units and the
stratigraphical positions of the localities with mawsoniids remains (data from Laurent et al. 2001 [39], Tortosa 2014 [13], Fondevilla et al. 2019 [40]).

https://doi.org/10.1371/journal.pone.0234183.9g001

novemcostata and Hadraxon acicula) [11], [12]. This stratigraphic location corresponds to a
Lower Campanian age.

Bouc-Bel-Air—Sousquiéres (Bouches-du-Rhone) (BAS). The fossiliferous level was dis-
covered by the staff from the University of Poitiers in collaboration with the natural history
museum of Aix-en-Provence (MHNAIx). Salvage excavations were conducted in 2018 by the
staff of the Département des Bouches-du-Rhone and of the MNHAix. The lithology in Bouc-
Bel-Air is rather similar to that of the Ventabren locality. It consists of beige and blackish
marls and a brown lacustrine limestone layer, with the fossils located in a blackish marl layer.
The fossil assemblage comprises gastropods, actinopterygian and mawsoniid fishes (this
work), turtles, a large varanoid lizard, crocodiles and dinosaurs (dromaeosaurids). As in Ven-
tabren, the lithology and the same molluscan assemblage completed by Melania praelonga and
Unio toulouzani indicate a position close to the limit between the “Valdonnien” and “Fuvélien”
facies, which corresponds to a Lower Campanian age [11], [12].

Ollieres—Autoroute Nord/Sud sites (Var) (OLA). The locality was discovered along the
highway A8 [13]. It has yielded lepisosteids, amiid and mawsoniid fishes (this work), anuran
and albanerpetontid amphibians, pleurodiran and cryptodiran turtles, squamates, crocodiles,
and dinosaurs (nodosaurids and dromaeosaurids) [13].The locality is poorly dated. Based on
the general litho- and biofacies, Olliéres—Autoroute Nord/Sud corresponds to the «Fuvélien».
It is however difficult to locate more precisely the site because of a lack of stratigraphical bio-
markers. The locality is situated about 130 meters below the “Fuvélien”—“Bégudien” bound-
ary, the fossiliferous bed is probably Early Campanian in age [13]. On the basis of the
“Fuvélien” facies, the palaeoenvironement is interpreted as clearly lacustrine.

Late Campanian (“Bégudien” facies) locality

Velaux—La Bastide Neuve (Bouches-du-Rhone) (VBN). This site is excavated since
2002 by the team of the University of Poitiers and the Association Palaios. It has yielded the
oldest-known freshwater crab [14] an abundant and diversified vertebrate fauna, including
hybodont shark, and mawsoniid fish (this work), pleurodiran and cryptodiran turtles, the
basal eusuchian crocodile Allodaposuchus precedens [15], the pterosaur Mistralazhdarcho
maggii [16] and dinosaurs (the titanosaur Atsinganosaurus velauciensis [17], [18], the
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iguanodontian Matherodon provincialis [19], nodosaurid and abelisaurid [20]). The Late Cam-
panian dating of the site is based on Magnetostratigraphic analyses together with biostrati-
graphic data from dinosaur eggshell and charophytes [21]. The palaeoenvironment is
interpreted, on the basis of lithologic and taphonomic studies in association with microfacies
and palynofacies, as a freshwater environment [14] corresponding to fluvial setting of moder-
ate energy with broad floodplain.

Late Campanian—Early Maastrichtian (“Rognacien” and Maurine Red
Marls) localities

Cruzy—Massecaps and Montplo-Nord (Hérault) (CMA). Excavations have been con-
ducted during more than 20 years by the Association ACAP and staff from the CNRS. The
composite vertebrate assemblage of these close localities comprises albanerpetontid and
anuran amphibians, pleurodiran and cryptodiran turtles, a freshwater mosasaur, an azh-
darchid pterosaur [22], crocodilians, dinosaurs (abelisaurids, dromaeosaurids, titanosaurs, the
iguanodontian Rhabdodon, the enantiornithine bird Martinavis cruzyensis and the giant
ornithurine bird Gargantuavis philoinos) [23] [24 and references herein]. The fish record from
the Cruzy localities consists of a lepisosteid indeterminate, and a mawsoniid represented by an
angular, the first mawsoniid bone recognized in the Late Cretaceous of Europe [3]. The dino-
saur assemblage indicates a Late Campanian-Early Maastrichtian age, an age confirmed by the
dinosaur eggshells characteristic of the lower “Rogniacien” [25]. Based on sedimentological
studies, the reconstructed environment was a braided river affected by flood episodes under a
climate alternating dry and wet seasons [26].

Fox Amphoux—Bastide Neuve (Var) (FBN). The composite faunal assemblage contains
hybodont sharks, a lepisosteid and a mawsoniid fish (this study), the bothremydid Foxemys
mechinorum [27], the eusuchian Allodaposuchus cf. A. precedens [28], an azhdarchid pterosaur
[29] and dinosaurs (titanosaurids, dromaeosaurids [30], [31], abelisaurid [20], the iguanodon-
tian Rhabdodon, ankylosaurs, enantiornithine birds [32] and the giant ornithurine bird Gar-
gantuavis philoinos [33 and references herein] [34]. The vertebrate assemblage and an eggshell
assemblage from the nearby locality of Métisson indicate a lower “Rognacien” age, corre-
sponding probably to the Late Campanian [35]. Sedimentological and taphonomical data indi-
cate a fluvial setting of moderate energy with broad floodplain palacoenvironment.

Campagne-sur-Aude—Bellevue (Aude) (C3). This locality has yielded hundreds of
bones found during two decades of systematics excavations by the team of the Musée des
Dinosaures from Espéraza. The fauna comprises lepisosteid and mawsoniid fishes (this work),
turtles, crocodiles and dinosaurs including the titanosaur Ampelosaurus atacis, the iguanodon-
tian Rhabdodon, nodosaurid, and avian and non-avian theropods [36], [37], [38]. The site is
located in the upper part of the Maurine Red Marls Formation, regarded as the equivalent to
the top of the «Bégudien» and base of the Rognacien facies in the Provence Bas-Languedoc
area [39]. Recently, magnetostratigraphical data from the Haute Valley area indicated that the
Bellevue bone bed is located in the ‘C32n.1n” magnetostratigraphic zone, which corresponds
to the Early Maastrichtian (ca 71.5 mya) [40]. Taphonomical and sedimentological features
indicate that the environment of deposition was a meandering and braided fluvio-alluvial set-
ting [41].

Institutional abbreviations

CD13-Pal, Territorial collectivity of the Département des Bouches-du-Rhone, France; Collec-
tion Méchin, collection Patrick et Annie Méchin, Vitrolles, France; Cruzy M, Musée de
Cruzy, France; MDE, Musée des Dinosaures d’Espéraza, France; MHN.AIX.PV, Muséum
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d’Histoire naturelle d’Aix-en-Provence, France; MMS/VBN, Musée du Moulin seigneurial of
Velaux, France.

Material

Basisphenoid, Bouc-Bel-Air-Sousquiéres (CD13-Pal.2019.6.1); parasphenoid, Velaux-La Bas-
tide Neuve (MMS/VBN.09.001 G); fragment of an indeterminate tooth bearing bone, Cam-
pagne-sur-Aude-Bellevue (MDE C3-02-57); postparietal, Olliéres—Autoroute Nord/Sud sites
(MHN.AIX.PV.2019.13.1); supratemporals, Bouc-Bel-Air-Sousquiéres (CD13-Pal.2019.6.2
and -3); extrascapular, Ollieres—Autoroute Nord/Sud sites (MHN.AIX.PV.2019.13.2); lachry-
mojugal, Bouc-Bel-Air-Sousquieres (CD13-Pal.2019.6.4); squamosal, Bouc-Bel-Air-Sous-
quieres (CD13-Pal.2019.6.5); preopercle, Bouc-Bel-Air-Sousquiéres (CD13-Pal.2019.6.10);
opercle, Bouc-Bel-Air-Sousquiéres (CD13-Pal.2019.6.11); quadrate, Bouc-Bel-Air-Sous-
quiéres (CD13-Pal.2019.6.6); pterygoids, Bouc-Bel-Air-Sousquié¢res (CD13-Pal.2019.6.7 and
-8); fragment of pterygoid or prearticular or parasphenoid, Bouc-Bel-Air-Sousquieres
(CD13-Pal.2019.6.9); dentary, Cruzy—Massecaps (M2253); prearticular, Fox Amphoux-Bas-
tide Neuve (collection Méchin 745); cleithra, Bouc-Bel-Air-Sousquiéres (CD13-Pal.2019.6.12
and -13).

All necessary permits were obtained for the described study, which complied with all
relevant regulations (the Velaux Municipality, the environment department from CD 13, the
territorial collectivity of the ‘Département des Bouches-du-Rhone’, the ‘Direction de I'Envir-
onnement, des Grands-Projets et de la Recherche’, the ‘Direction des Foréts et des Espaces
Naturels’, the ‘Service Départemental d’Incendie et de Secours’).

Systematic palaeontology

Actinistia Cope, 1871
Latimerioidei Schultze, 1993
Mawsoniidae Schultze, 1993
Genus Axelrodichthys Maisey, 1986
Type species: Axelrodichthys araripensis Maisey, 1986
Axelrodichthys megadromos Cavin, Valentin, Garcia, 2016

Remark

In the present state, we are not able to distinguish distinct species within the bone sample col-
lected in the various Campanian-Early Maastrichtian localities of Southern France. Conse-
quently, we regard all this material as belonging to a single species, Axelrodichthys
megadromos, keeping in mind that few bones are represented by several similar items. Further
discoveries might show that several taxa of mawsoniids are actually present. In order avoid
confusion in future studies, we provide an anatomical description that distinguished each
locality.

Ventabren—Aire de Repos

No new material from this locality is described herein. The specimens from the other localities
are compared, as far as is it possible with the holotype from Ventabren. Pieces of this specimen
are used for the reconstruction of the skull.

Bouc-Bel-Air—Sousquiéres

This locality has yielded the most abundant material referred to A. megadromos.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234183  June 5, 2020 5/19


https://doi.org/10.1371/journal.pone.0234183

PLOS ONE

New Late Cretaceous freshwater coelacanth remains from Southern France

v.pr.Stt

Fig 2. Axelrodichthys megadromos, Bouc-Bel-Air—Sousquiéres. A, basisphenoid from Bouc Bel Air
(CD13-Pal.2019.6.1) in posterior (1) and left lateral (2) views; B, basisphenoid of A. megadromos from Ventabren
(holotype, MDE F-61) in posterior (1) and right lateral (the photograph is inversed for easier comparison) (2) views; C
and D, left supratemporals (CD13-Pal.2019.6.2 and -3) in external (1) and internal (2) views; E, right supratemporal
(the photographs are inversed for easier comparison) of A. megadromos from Ventabren (holotype, MDE F-61) in
external (1) and internal (2) views. This specimen was misidentified as a left postparietal in Cavin et al. (2016); F, right
lachrymojugal (CD13-Pal.2019.6.4) in external (1) and internal (2) views; G, left (?) squamosal (CD13-Pal.2019.6.5) in
external (1) and internal (2) views, H, left quadrate (CD13-Pal.2019.6.6) in anterior view; I, right quadrate (the
photograph is inversed for easier comparison) in anterolateral view of A. megadromos from Ventabren (holotype,
MDE F-61); J-K, pterygoids (CD13-Pal.2019.6.7, and -8) in medial view; L, pterygoid or prearticular or

parasphenoid (CD13-Pal.2019.6.9) in occlusal view; M, fragment of opercle (CD13-Pal.2019.6.11); N, preopercle
(CD13-Pal.2019.6.10) in lateral view; O, fragment of cleithrum (CD13-Pal.2019.6.12) in anterior view; P, fragment of
cleithrum (CD13-Pal.2019.6.13) in lateral view. Abbreviations: ant.pr, antotic process; med.w, medial wing; ot.sc.c, otic
sensory canal; pop.s.c, preopercular sensory canal; pr.con, processus connectens; sph.c, sphenoid condyle; stt.com,
supratemporal commissure; v.pr.Stt, ventral or descending process of the supratemporal; Thin arrows indicate
openings of the sensory canals and thick arrows indicate anterior.

https://doi.org/10.1371/journal.pone.0234183.9002

Basisphenoid: A single, incomplete, basisphenoid is present (CD13-Pal.2019.6.1, Fig 2A). It
is slightly smaller, but very similar in shape to the basisphenoid from the holotype of A. mega-
dromos (Fig 2B), i.e. the antotic process protrudes laterally, the sphenoid condyles are close
and moderately developed and they are squarish in dorsal view. In lateral view, the processus
connectens is elongated and arched as in A. megadromos, but the sphenoid condyle is a little
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less protruding. This difference is possibly due to the imperfect state of preservation of the
specimen from Bouc-Bel-Air.

Supratemporal: Two complete left supratemporals were found (CD13-Pal.2019.6.2 and -3,
Fig 2C and 2D). One is about 1.5 times larger than the other. The ossifications are oval in
shape with a regularly curved lateral margin. A well-marked angle separates the anterior mar-
gin from the anteromedial margin indicating that the median portion of the postparietal was
longer than the lateral portion. The anterior margin is proportionally shorter on the small
specimen. The suture between postparietal and supratemporal is interdigitate. The external
(dorsal) surface of the bone is strongly ornamented with a reticulated pattern in the center of
the ossification and irregular radiating rides at the periphery, which are more developed in the
large specimen and especially marked along the lateral border. The internal (ventral) side is
smooth, except a poorly developed descending process. The otic sensory canal enters the
supratemporal close to the medial corner of the anterior margin of the bone and exits posteri-
orly at the posterior most tip of the bone, just above a little process. The otic sensory canal
gives off lateral diverticula, which open and extend in deep grooves on the surface of the bone
(arrows in Fig 2C). The supratemporal commissure is marked by an opening on the medial
margin of the bone, close to its posterior corner. There are apparently no anterior extensions
of the supratemporal commissure. The supratemporals from Bouc-Bel-Air are reminiscent of
the supratemporal of all Cretaceous mawsoniid because of the strong ornamentation and the
shallow descending process [1], [42], [43]. They are notably reminiscent of the supratemporal
of a specimen from the Kem Kem beds, Morocco, referred to an indeterminate genus of maw-
soniid sharing characters with Axelrodichthys [5]. Similarities between both specimens are the
regularly curved lateral margin and the angle made by the suture with the posterior parietal.
The well-preserved supratemporals from Bouc-Bel-Air allows re-identifying a bone belonging
to the Ventabren type specimen originally identified as a left postparietal (Fig 2E). Because the
margins of the bone from Ventabren are damaged, its original shape was supposedly more
angled on the living fish, which led to conclude that it was a postparietal. Also, a small articular
facet was regarded as a facet for intracranial joint less developed than in other mawsoniids [8].
This facet corresponds actually to the posterior small process present above the posterior open-
ing of the otic sensory canal in the Bouc-Bel-Air supratemporals.

lachrymojugal: A comma-shaped bone is identified as a lachrymojugal (CD13-Pal.2019.6.4,
Fig 2F). The external face is ornamented with very strong ridges and grooves. The dorsal mar-
gin, which marked the ventral border of the orbit, is regularly curved. One extremity is broader
than the other. In most coelacanths, including the mawsoniids, the anterior extremity of the
lachrymojugal is more expanded than the posterior one, which indicates that the bone
described here is a right one. The infraorbital sensory canal is marked by two pores located at
each extremity of the bone, better visible in internal view, and by at least three pores located
within the strong ornamentation of the posterior half of the lateral face (arrows in Fig 2F). The
lachrymojugal of Mawsonia brasiliensis is highly derived, with a very elongated straight poste-
rior half and a curved anterior third, which marks the position of the orbit ([42] [43]). In Axel-
rodichthys araripensis, the dorsal margin of the lachrymojugal is curved along its whole length
([42] [1]) as in the bone from Bouc-Bel-Air, thus confirming the attribution of the French Late
Cretaceous form to the genus Axelrodichthys.

Squamosal: An approximately trapezoidal bone, with a strong ornamentation, a series of
pores aligned parallel to one of its margins and crossed by a sensory canal as indicate large
openings visible in internal view, is tentatively identified as a squamosal (CD13-Pal.2019.6.5,
Fig 2G).
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Preopercle: An ovoid bone with a strong ornamentation and crossed along its long axis by a
sensory canal is tentatively identified as a preopercle (CD13-Pal.2019.6.10, Fig 2N), because of
is general shape reminiscent of the corresponding bone in A. araripensis ([1], [42]).

Other tick and ornamented dermal bone are present, but too badly preserved to be identi-
fied with accuracy.

Quadrate: A left articular head of a quadrate, showing the typical actinistian double and
asymmetrical condyles for articulation with the lower jaw is present (CD13-Pal.2019.6.6, Fig
2H). It is similar in shape to the corresponding bone in the holotype of A. maegadromos (Fig
210).

Pterygoid: Two plate-like fragments of bones covered with densely packed small bulbous
teeth with radiating ridges are identified as pieces of pterygoids (CD13-Pal.2019.6.7 and -8, Fig
2] and 2K). This teeth morphology is typical of the mawsoniids, although it can also be found
in other coelacanth genera. Another fragment, still attached to an indeterminate piece of bone,
is covered with the same kind of teeth. It is tentatively identified as a pterygoid, although it
could also be a fragment of prearticular or parasphenoid (CD13-Pal.2019.6.9, Fig 2L).

Opercle: A fragment of a thick bone with strong diverging ridges is identified as a piece of
opercle (CD13-Pal.2019.6.11, Fig 2M), a bone which shows this typical radiating ornamenta-
tion in Brazilian ([42], [43], [44], [45]) and Moroccan [46], [47] mawsoniids.

Cleithrum: Two fragments corresponding to the dorsal half of cleithra with the beginning
the medial expansion, typical of the lineage Maswonia—Axelrodichthys [1], are present
(CD13-Pal.2019.6.12 and -13, Fig 20 and 2P).

Ollieres—Autoroute Nord/Sud sites

Postparietal: A right postparietal is relatively poorly preserved but shows details of its general
outline and of its anterior morphology (MHN.AIX.PV.2019.13.1, Fig 3A). It is the first known
postparietal of Axelrodichthys maegadromos because the supposedly postparietal of the holo-
type specimen [8] is actually a supratemporal (see above). The external surface of the bone is
worn and it is likely that the ornamentation has been partly erased after death. The anterior
portion of the bone is smooth and grooves radiate on the posterior and lateral portions. The
ossification was flattened during fossilization. As a consequence, the angle between the median
horizontal portion and the lateral portion visible in anterior view, was more acute on the living
fish than it is on the fossil (i.e. the lateral side was more inclined.) As a result, the postparietal
as figured in Fig 3A is broader than it actually was. The descending lamina of the postparietal
is damaged, but it was obviously weakly developed. The facet for the intracranial joint is well
developed.

Extrascapular: a trapezoid bone with a strong ornamentation, found near the postparietal
described above, is tentatively identified as an extrascapular (MHN.AIX.PV.2019.13.2, Fig 3B).
The main feature supporting this identification is the presence of a groove along the posterior
(?) margin, which correspond to the canal of the supratemporal commissure with a broken
wall. Based on its general shape and proportions, it probably corresponds to the right lateral
extrascapular. The reconstruction of the skull roof indicates that a small medial extrascapular
was likely present, a character present in Axelrodichthys and absent in Mawsonia [42].

Velaux—La Bastide Neuve

This locality has yielded a subcomplete parasphenoid (MMS/VBN.09.001 G, Fig 4). The poste-
rior extremity of the bone and most of its anterior half are preserved, but no contact exists
between both pieces. In ventral view, the posterior extremity broadens. Although poorly pre-
served, the section at this level of the bone forms a half circle. The posterior broken margin of
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fa.ij

A1

B1

Fig 3. Axelrodichthys megadromos, Olliéres—Autoroute Nord/Sud. A, right postparietal (MHN.AIX.PV.2019.13.1) in external (1) and internal (2)
views; B, right extrascapular (MHN.AIX.PV.2019.13.2) in external (1) and internal (2) views. Abbreviations: fa.i.j, facet for the intracranial joint; v.pr.
Pp, ventral or descending process of the postparietal.

https://doi.org/10.1371/journal.pone.0234183.9003

Fig 4. Axelrodichthys megadromos, Velaux—La Bastide Neuve. Parasphenoid (MMS/VBN.09.001 G) in ventral view. Thick arrow indicates anterior.
Abbreviations: lat.gr, lateral groove; med.gr, medial groove.

https://doi.org/10.1371/journal.pone.0234183.9004
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the anterior portion is located at the level of the posterior extremity of the tooth patch. The
tooth patch is tapering posteriorly. It broadens anteriorly and forms two lateral wings, which
extend laterally the width of the ossification. At this level, two lateral longitudinal grooves sepa-
rate a median ridge. At the anterior extremity of the preserved portion, the median ridge itself
is dug by a medial depressed longitudinal area. In dorsal view, the anterior portion is only
slightly curved in section but the curvature increases backwards. There is no shallow median
ridge on the dorsal side as described by Wenz [47] in ‘Mawsonia’ lavocati, but this difference
may be caused by the different size of the specimens. The structure of the bone, in particular
the contour of the posterior extremity of it toothed area, is similar in the corresponding bone
in the holotype of A. maegadromos form Ventabren, in particular the heart-shaped posterior
extremity of the patch, which is regarded as a diagnostic character of this species ([8]; Fig 5).
We can add to the description of this bone in the holotype that the anterior portion of the
median toothed ridge is dug by a central groove. The teeth are small and hemispherical, with a
minute spiny apex on some of them. The radiating grooves on the teeth typical of mawsoniids
are hardly visible, probably for preservational reason.

Cruzy—Massecaps

The first recognised mawsoniid element from the Late Cretaceous of France, an isolated angu-
lar, was discovered in the locality of Massecaps in Cruzy [3]. The dentary described here
comes from the same site (M2253, Fig 5). The bone is typical of dentaries of mawsoniids, i.e. it
bears a hook-shaped process, a depression for the pseudomaxillary fold and a lateral swelling.
The latter character is an apomorphy of the more derived mawsoniids (Mawsonia, Axelro-
dichthys, Lualabaea) [1]. Cupello et al. (2016) [45] showed that in Mawsonia the ventral exten-
sion of the dentary is broader and longer than the dorsal one, while in Axelrodichthys both
extensions are almost equal in size, an arrangement also observed in M2253. The ventral body
of the bone, which sutured with the splenial, is marked by deep grooves. An opening, corre-
sponding to the enlarged sensory pore present in the dentary of some coelacanths, opens just
posteriorly to the lateral swelling.

Fox Amphoux—Bastide Neuve

A right prearticular (collection Méchin 745, Fig 6A) was found during recent excavations in
the site of Bastide-Neuve. It is very similar to the less complete right prearticular of A. mega-
dromos from Ventabren (Fig 6B). Both are thin bones with a subrectangular edentulous poste-
rior lamina, which expands dorsally frontward, mirroring the general outline of the lateral
angular (preserved in the holotype of A. megadromos). The deeper portion of the bone bears
numerous tiny hemispherical teeth with the typical radiating ridges present in all mawsoniids.

7 §
A lat.sw 10 mm

Fig 5. Axelrodichthys megadromos, Cruzy—Massecaps (M2253). Left dentary in lateral (A) and ventral (A’) views. Abbreviations: d.p, enlarged
sensory pore; lat.sw, lateral swelling.

https://doi.org/10.1371/journal.pone.0234183.g005
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Fig 6. Axelrodichthys megadromos, Fox-Amphoux—Bastide-Neuve). A, right prearticular (collection Méchin 745) in medial view; B, right
prearticular of A. megadromos from Ventabren (holotype, MDE F-61) in medial view.

https://doi.org/10.1371/journal.pone.0234183.g006

Fig 7. Axelrodichthys megadromos, Campagne-sur-Aude—Bellevue. A, fragment of a tooth patch, probably from a parasphenoid (MDE C3-02-57);
B, Detail of teeth from a pterygoid from Bouc-Bel-Air (CD13-Pal.2019.6.9; Fig 2L) showing similar tooth morphology.

https://doi.org/10.1371/journal.pone.0234183.9007

Campagne-sur-Aude—Bellevue

A small fragment, slightly less than 1 square centimetre, corresponds to a pavement of closely
packed teeth (MDE C3-02-57, Fig 7A). The teeth are very similar in size and shape to the para-
sphenoid teeth from Velaux (compare Fig 4 with Fig 7A), or to teeth borne by an unidentified
bone from Bouc-Bel-Air (Fig 7B is a detail of the specimen illustrated in Fig 2L), i.e. they are
small, hemispherical and marked by fine striations that radiate from the apex. These features
indicate that this piece likely belongs to a mawsoniid, likely a fragment of parasphenoid.

Discussion
Identification and affinities

Because all the mawsoniid material described in this study is incomplete or fragmentary, it is
difficult to demonstrate that they all belong to a single species, i.e. A. megadromos. The frag-
mentary parasphenoid from Velaux, however shows the typical shape of the tooth patch of the
parasphenoid of the type material of A. megadromos, a feature regarded as a diagnostic charac-
ter [8]. The locality of Ventabren is situated at the base of the “Fuvélien” deposit (Early Campa-
nian) while the locality of Velaux is situated in the “Bégudien” (late Campanian), indicating
that approximatively 8 million years (Fig 1) separate both parasphenoids. Other bones know
in duplicate, such as the basisphenoid and the supratemporal from the holotype of Ventabren

PLOS ONE | https://doi.org/10.1371/journal.pone.0234183  June 5, 2020 11/19


https://doi.org/10.1371/journal.pone.0234183.g006
https://doi.org/10.1371/journal.pone.0234183.g007
https://doi.org/10.1371/journal.pone.0234183

PLOS ONE

New Late Cretaceous freshwater coelacanth remains from Southern France

ant.pr (VAR)

Pro - pr.con (VAR, BAS)

Pt (VAR, BAS)
Q (VAR, BAS)

Part (VAR, FBN)
n
Bsph (VAR, BAS)

Op (BAS)

ant.pr (VAR, BAS) Par (VAR, VBN)

Spl (VAR)

Gul (VAR)

Pop (BAS) p.Co

Fig 8. Reconstruction of the skull of Axelrodichthys megadromos. Dark grey bones correspond to preserved elements. For missing parts (light grey),
the reconstruction is based on mirror effect of the preserved parts for paired bones and on bones preserved in A. araripensis, from the Albian Santana
Formation, Brazil. Labels indicate names of bones and their corresponding locality in brackets. A, Braincase in right lateral view with the left
suspensorium and lower jaw in medial view; B, skull with suspensorium, cheek and opercular elements in right lateral vie; C, skull roof in dorsal view;
D, ethmosphenoid portion in ventral view. Abbreviations for bones: Ang, angular; ant.pr, antotic process; Bsph, basioccbasisphenoid; Cl, cleithrum; De,
dentary; Ext., extrascapular lateral; Ext.m, extrascapular median; Gul, gular plate; L.e, lateral ethmoid; Lj, lachrymojugal; Na, nasal; Op, opercle; Pa.a,
anterior parietal; Pa.p, posterior parietal; Par, parasphenoid; Part, prearticular; p.Co, principal coronoid; Po, postorbital; Pop, preopercle; Pp,
postparietal; pr.con, processus connectens; Pro, prootic; Pt, pterygoid; Q, quadrate; So, supraorbital; Spl, splenial; Sq, suamosal; Stt, supratemporal; Te,
tectal. Abbreviations for localities: BAS, Bouc-Bel-Air-Sousquiéres; CMA, Cruzy-Massecaps; FBN, Fox-Amphoux-Bastide-Neuve; OLA, Olliéres—
Autoroute North/South sites; VAR, Ventabren-Aire de repos; VBN, Velaux-La Bastide-Neuve.

https://doi.org/10.1371/journal.pone.0234183.9008

and equivalent bones from Bouc-Bel-Air are also very similar, even though they do not show
diagnostic characters of the species. The locality of Bouc-Bel-Air is situated in the same “Fuvé-
lien” unit as Ventabren, making likely the occurrence in both sites of the same species. The
issue of the presence of another species arises with the material from Cruzy, Fox-Amphoux
and Campagne-sur-Aude because the former two sites are located in the “Rognacien” facies
(probably late Campanian) and the latter site is located in the Maurine Red Marls (probably
early Maastrichtian), i.e. these fishes are about 10 million years younger than the type speci-
men from Ventabren. However, duplicate bones from these younger localities, i.e. an angular
from Cruzy, a prearticular from Fox-Amphoux and parasphenoid teeth from Campagne-sur-
Aude show no characters differing enough from the type of A. megadromos for characterizing
another species.

Fig 8 shows a composite reconstruction of the skull of A. megadromos, with a tentative
reconstruction of the head of the living animal. The reconstructed skull displays typical
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mawsoniid features, some of them present only in the Mawsonia-Axelrodichthys complex: the
strongly ornamented bones of the skull roof and of the cheek, the shape of the postparietal and
of the supratemporal and notably their shallow descending processes, the peculiar arrange-
ment of the bones of the postparietal portion, with the extrascapulars included in the skull
roof, the typical shape of the angular, the shape of the prearticular and pterygoid teeth, the lat-
eral swelling of the dentary, and the medial expansion of the cleithrum. Other features, i.e. the
probable presence of a medial extrascapular, the curved dorsal margin of the lachrymojugal,
the ovoid shape of the preopercle, the posterior extensions of the dentary almost equal in size,
and the general organization and proportions of the ethmosphenoid portion of the skull roof
confirm the inclusion of this species in the genus Axelrodichthys.

In order to test the phylogenetic affinities of this species, we include A. megadromos in the
recent phylogenetic cladistic analysis of Cavin et al. [7]. In the latter analysis, A. megadromos
was resolved in a trichotomy with A. araripensis and Lualabaea lerichei, from the Early Creta-
ceous of Brazil and the Late Jurassic of the Democratic Republic of the Congo, respectively.
The scoring of the character states of A. maegadromos was based on the holotype specimen
only [8]. If we consider that all the Campanian-Maastrichtian mawsoniid material described
here belong to this same species, we can now complete the scoring A. megadromos as follows:
characters [state]: 1[2], 7[0], 8[0], 9[1], 10[1], 11[0], 17[2], 26[0], 27[0], 28[2], 29[0], 34[1], 48
[0], 53[1] (for details of characters and character states definitions, see [7]). The new data
matrix (S1 Data) was analysed using PAUP*4.0a167 (SWOFFORD, 2000) with a heuristic
search using random addition sequence, replicated 10000 times, 10 trees held at each iteration,
and tree bisection and reconnection branch swapping was carried out with Latimeria and
Macropoma as outgroup. The exact topology and the amount of number of parsimonious trees
are similar to the results obtained by [7] (Fig 9), and the indices are very close (18 MPT, length
100, CI = 0.660, RI = 0.663, RC = 0.438; previous metrics: 18 MPT, length 100, CI = 0.660,

RI =0.653, RC = 0.431). In consequence, the new material described herein brings new infor-
mation for reconstructing the anatomy of this species, but it does not allow improving the
understanding of its phylogenetic relationships. For a discussion of the distribution of the
characters within the mawsoniid phylogeny, see [7].
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Fig 9. Simplified time-scaled phylogeny of the Mawsoniidae with their continental distribution (silhouettes). The trichotomy between three species
of Mawsonia (M. tegamensis, M. braziliensis and M. gigas) and between two species of Axelrodichthys (A. araripensis, A. megadromos) and Lualabea are
not figured.

https://doi.org/10.1371/journal.pone.0234183.9009
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Ecological and biogeographical implications

The facies of all Campanian-Early Maastrichtian localities, in which Axelrodichthys megadro-
mos was found indicate that this fish dwelled in lacustrine (the “Fuvélien” facies of Ventabren,
Bouc-Bel-Air and Olliéres), as well as in fluviatile and flood plain habitats (all other localities).
None of these sites show marine influences, and this species should be regarded as a strictly
freshwater fish. A. megadromos is so far the youngest known freshwater coelacanth worldwide
(marine coelacanths are known in the Campanian-Maastrichtian of North America with the
latimeriid Megalocoelacanthus [48], [49]).

Except A. megadromos, all other Cretaceous mawsoniid species occur in the Early Creta-
ceous of Western Gondwana, i.e. South America and Africa [7]. The youngest reasonably well-
known species are ‘Mawsonia’ lavocati and Mawsonia libyca that were found in the Kem Kem
beds of Morocco and in Bahariya in Egypt, respectively [7]. These two localities are generally
regarded as Cenomanian in age [50], but we cannot ruled out a late Early Cretaceous age on
the basis of the fish assemblage (Brito, personal communication, 2018). Most of the Western
Gondwanan mawsoniid occurrences were found in freshwater environments, except Axelro-
dichthys araripensis and Mawsonia brasiliensis, which lived in the close marine and probably
euryhaline environment of the Santana Formation in Brazil. The youngest Gondwanan maw-
soniid remain is an isolated median extrascapular from the continental? Coniacian/Santonian
Ankazomihaboka sandstones, Madagascar, referred to Axelrodichthys sp. by Gottfried et al.
[2]. It is noteworthy that the last representatives of the mawsoniids have not been found in the
geographical area were the family previously thrived, i.e. South America and Africa but in
peripheral regions, i.e. Madagascar and Europe. It should be kept in mind that this observation
rests in large part on the availability of continental Late Cretaceous outcrops, which are rather
few in South America and Africa.

During the Late Cretaceous, on the European Archipelago some taxa were widespread
across islands, e.g. the nodosaurid Struthiosaurus, the crocodilian Allodaposuchus, Acynodon
and Doratodon, the turtles Foxemys among others, while other appear to be restricted to a sin-
gle island, such as the solemydid turtles on the Ibero-Armorican landmass for instance [52].
These authors also noticed that the European vertebrates assembles is formed by a mix
between an “old European core” to which was added immigrants from different bioprovinces,
such as North America, Asia and Gondwana [20], [51], [52], [53]. The Ibero-Armorican land-
mass, in particular, shares taxa with Gondwana, such as characiform, mawsoniid and lepisos-
teiform fishes, neobatrachian frogs, bothremydid turtles and boiid snakes, ziphosuchian
crocodyliforms, and abelisaurid dinosaurs [20], [54], [55], [56]. Dispersal events from Gond-
wana may have occurred during one, two or more continental connections between Africa
and the European Archipelago during the Late Cretaceous. Csiki-Sava et al. [51] suggested that
two dispersal events occurred for fishes, a pre-Campanian one involving lepisosteiforms,
which are common in the Santonian site of Tharkut in Hungary [57], and one near the Campa-
nian-Maastrichtian boundary involving characiforms and mawsoniids.

Le Loeuff et al. [58] were the first ones to recognise a turnover of European dinosaur assem-
blages during the Maastrichtian with an early Maastrichtian fauna dominated by titanosaurid
sauropods and a late Maastrichtian fauna dominated by hadrosaurs. This observation was con-
firmed by several studies that focused on dinosaurs as a whole [40] and on sauropods [59].
Csiki-Sava et al. [51] confirmed, but nuanced this scenario, which applies mostly to the Ibero-
Armorican Island. So far, the mawsoniid fossil record indicates that these fishes went extinct
in Europe during this faunal turnover, with the youngest occurrence found in the early Maas-
trichtian site of Campagne-sur-Aude. If true, this scenario indicates that mawsoniids were
extinct before the Cretaceous-Palacogene mass extinction.
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Eventually, it should be mention that the stratigraphical ranges of A. megadromos is rela-
tively long, i.e. circa 10 million years, but it is still short compared to the stratigraphical range
of Mawsonia gigas, which is circa 30 million years in South America [7]. These long ranges
point to a slow morphological evolution and illustrates the status of ‘living fossils’ of the coela-
canths taken as a whole, although with notable exceptions [60].

Conclusion

Late Cretaceous European continental mawsoniids have been recognised only recently, about
fifteen years ago. At that time, remains of these fishes appeared to be very rare, but examina-
tion of palaeontological collections from several localities reveals that they actually formed a
non-negligible portion of the vertebrate assemblages. Fossils of mawsoniid coelacanths are
more abundant and better preserved in the early Campanian “Fuvélien” facies than in the Late
Campanian “Bégudien” and early Maastrichtian lower “Rognacien” facies. At the moment, we
cannot decide if this trend: 1) corresponds to a real rarefaction of these fishes during this time
interval; 2) is due to taphonomical or environmental biases linked to differences in the sedi-
mentological and preservational features between facies or; 3) is caused by a sampling artefact.
The current data indicate the occurrence of mawsoniids only during a short time interval
and in a restricted area of the Ibero-Armorican Island. But we hypothesize that new field dis-
coveries and re-examination of palaeontological collections, especially from southern Pyre-
neans and Eastern Europe (Hungary and Romania) may enlarge the geographical range of the
family. Similarly, it is likely that the stratigraphical range of mawsoniids will be extended
towards the past, as indicate preliminary observation, but potentially towards the present as
well. Mawsoniid fishes do not share the typical profile of the fish victims of the Cretaceous-
Palaeogene mass extinction event [61], and it is not unlikely that representatives of this line-
ages crossed this boundary. So far, the fossil record of coelacanth is inexistent in the Cenozoic.

Supporting information

S1 Data. Character list and character-taxon matrix in nexus format.
(NEX)

Acknowledgments

We thank the “collectivité territoriale départementale” of the Bouches-du-Rhone Department
for excavation permits, administrative ease and financial support for the excavations on the
localities of Bouc-Bel-Air-Sousquiére and Velaux-La Bastide Neuve, and more specifically to
the “Direction de 'Environnement, des Grands-Projets et de la Recherche” (M. Bourrelly), the
“Direction des Foréts et des Espaces Naturels” (G. Michel), the “Direction des Routes” (B.
Ott), the “Service Départemental d’'Incendie et de Secours” and former directors (S. Amico, N.
Mouly). We are grateful to ESCOTA Company (P. Laroche, S. Maurice) and VINCI group (C.
Caye) for excavation permits and financial support to the palaeontological research. We thank
the team of the Muséum d’Histoire Naturelle d’Aix-en-Provence (M. Berrabah, S. Berton, M.
Desparoir and F. Perret) and the volunteers (B. Derville, T. Guiragossian) for prospection,
excavation and preparation works. G.G and X.V. thank the Velaux Municipality, Pascal Gode-
froit (Brussels) and numerous volunteers during the field campaigns in 2009 and 2012. The
“Association culturelle, archéologique et paléontologique de 'Ouest Biterrois” (ACAP) is
thanked for its support during the excavations at Cruzy. We thank Camila Cupello (Rio de Jai-
nero), Paulo M. Brito (Rio de Jainero), Yoshitaka Yabumoto (Kitakyushu) for their reviews,
and Giorgio Carnevale (Torino) for editing this article.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234183  June 5, 2020 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234183.s001
https://doi.org/10.1371/journal.pone.0234183

PLOS ONE

New Late Cretaceous freshwater coelacanth remains from Southern France

Author Contributions

Conceptualization: Lionel Cavin, Eric Buffetaut, Yves Dutour, Géraldine Garcia, Jean Le
Loeuff, Annie Méchin, Patrick Méchin, Haiyan Tong, Thierry Tortosa, Eric Turini, Xavier
Valentin.

Data curation: Lionel Cavin, Eric Buffetaut, Yves Dutour, Géraldine Garcia, Jean Le Loeuff,
Annie Méchin, Patrick Méchin, Haiyan Tong, Thierry Tortosa, Eric Turini, Xavier
Valentin.

Formal analysis: Lionel Cavin.
Investigation: Lionel Cavin.
Methodology: Lionel Cavin.

Writing - original draft: Lionel Cavin.

Writing - review & editing: Lionel Cavin, Eric Buffetaut, Yves Dutour, Géraldine Garcia, Jean
Le Loeuft, Annie Méchin, Patrick Méchin, Haiyan Tong, Thierry Tortosa, Eric Turini,
Xavier Valentin.

References
1. Forey PL. History of the coelacanth fishes, London: Chapman and Hall; 1998.

2. Gottfried MD, Rogers RR, Curry Rogers K. First record of Late Cretaceous coelacanths from Madagas-
car, In: Recent Advances in the Origin and Early Radiation of Vertebrates, Arratia G, Wilson MVH, Clou-
tier R, editors. Muinchen, Dr Pfeil Verlag, 2004, pp. 687—-691.

3. CavinL, Forey PL. Tong H, Buffetaut E. Latest European coelacanth shows Gondwanan affinities. Biol
Lett. 2005; 1: 176—177. https://doi.org/10.1098/rsbl.2004.0287 PMID: 17148159

4. Fragoso LGC, Brito P, Yabumoto Y. Axelrodichthys araripensis Maisey, 1986 revisited. Hist Biol. 2019;
31:1350-1372.

5. CavinL, Forey PL. New mawsoniid coelacanth (Sarcopterygii: Actinistia) remains from the Cretaceous
of the Kem Kem beds, SE Morocco. In: Arratia G, Tintori A, editors. Mesozoic Fishes lll, Systematics,
Palaeoenvironments and Biodiversity, Minchen, Dr. Pfeil Verlag; 2004. pp. 493-506.

6. Cavinl, BoudadL, TongH, Lang E, Tabouelle J, Vullo R. Taxonomic composition and trophic structure
of the continental bony fish assemblage from the Early Late Cretaceous of Southeastern Morocco.
PLoS ONE. 2015; p. e0125786, 2015.

7. CavinL, Cupello C, Yabumoto Y, Fragoso LGC, Deesri U, Brito PM. Phylogeny and evolutionary history
of mawsoniid coelacanths. Bull Kitakyushu Mus Nat Hist 2019; A: 3—13.

8. CavinL, Valentin X, Garcia G. A new mawsoniid coelacanth (Actinistia) from the Upper Cretaceous of
Southern France. Cretac Res. 2016; 62: 65-73.

9. CavinL, Martin M, Valentin X. Découverte d’Atractosteus africanus (Actinopterygii, Lepisosteidae) dans
le Campanien inférieur de Ventabren (Bouches-du-Rhone, France). Implications paléobiogéographi-
ques. Rev de Paléobiologie. 1996; 15: 1-7.

10. Grande L, Bemis WE. A comprehensive phylogenetic study of amiid fishes (Amiidae) based on compar-
ative skeletal anatomy. An empirical search for interconnected patterns of natural history. J Verteb
Paleontol. 1998; 18 suppl 1: 1-696.

11. Babinot J.-F, Bellier J.-P, Bilotte M, Breton G, Calandra F, Caron M, et al. Conclusions au colloque sur
les étages Coniacien a Maastrichtien: échelles biostratigraphiques. Géologie, 1983; 10: 413-434.

12. Fabre-Taxy S. Faunes lagunaires et continentales du Crétacé supérieur de Provence Il: le Campanien
fluvio-lacustre, Paris: Masson et Cie edition, 1951, p. 42.

13. Tortosa T. Vertébrés continentaux du Crétacé supérieur de Provence (Sud-Est de la France). Thése de
doctorat, Université Paris 6, 2014.

14. Robin N., Van Bakel BW, HyZzny M, Cincotta A. Garcia G, Charbonnier S, et al. The oldest freshwater
crabs: claws on dinosaur bones. Sci Rep. 2019; 9: 1-14. https://doi.org/10.1038/s41598-018-37186-2
PMID: 30626917

PLOS ONE | https://doi.org/10.1371/journal.pone.0234183  June 5, 2020 16/19


https://doi.org/10.1098/rsbl.2004.0287
http://www.ncbi.nlm.nih.gov/pubmed/17148159
https://doi.org/10.1038/s41598-018-37186-2
http://www.ncbi.nlm.nih.gov/pubmed/30626917
https://doi.org/10.1371/journal.pone.0234183

PLOS ONE

New Late Cretaceous freshwater coelacanth remains from Southern France

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Martin JE, Delfino M, Garcia G, Godefroit P, Berton S, Valentin X. New specimens of Allodaposuchus
precedens from France: intraspecific variability and the diversity of European Late Cretaceous eusu-
chians. Zool. J. Linn. Soc. 2016; 176: 607—-631.

Vullo R, Garcia G, Godefroit P, Cincotta A, Valentin X. Mistralazhdarcho maggii, gen. et sp. nov, a new
azhdarchid pterosaur from the Upper Cretaceous of southeastern France. J Vertebr Paleontol. 2018;
38: 1-16.

Garcia G, Amico S, Fournier F, Thouand E, Valentin X. A new titanosaur genus (Dinosauria, Sauro-
poda) from the Late Cretaceous of southern France and its paleobiogeographic implications. Bull Soc
géol Fr.2010; 181:269-277.

Diaz V. D, Garcia G, Pereda-Suberbiola X, Jentgen-Ceschino B, Stein K, Godefroit P, et al. The titano-
saurian dinosaur Atsinganosaurus velauciensis (Sauropoda) from the Upper Cretaceous of southern
France: new material, phylogenetic affinities, and palaeobiogeographical implications. Cretac Res.
2018; 91: 429-456.

Godefroit P, Garcia G, Gomez B, Stein K, Cincotta A, Lefévre U, et al. Extreme tooth enlargementin a
new Late Cretaceous rhabdodontid dinosaur from Southern France. Sci rep. 2017; 7: 1-9. https://doi.
org/10.1038/s41598-016-0028-x PMID: 28127051

Tortosa T, Buffetaut E, Vialle N, Dutour Y, Turini E, Cheylan G. A new abelisaurid dinosaur from the
Late Cretaceous of southern France: Palaeobiogeographical implications. Ann de Paléontol. 2014;
100: 63-86.

Cincotta A, Yans J, Godefroit P, Garcia G, Dejax J, Benammi M, et al. Integrated paleoenvironmental
reconstruction and taphonomy of a unique Upper Cretaceous vertebrate-bearing locality (Velaux,
Southeastern France). PloS ONE. 2015; 10: e0134231. https://doi.org/10.1371/journal.pone.0134231
PMID: 26287486

Buffetaut E. An azhdarchid pterosaur from the Upper Cretaceous of Cruzy (Hérault, France). C R Acad
Sci Paris, Sciences de la Terre et des planétes / Earth and Planetary Sciences. 2001; 333: 357-361.

Buffetaut E. First evidence of enantiornithine birds from the Upper Cretaceous of Europe: postcranial
bones from Cruzy (Hérault, France). Oryctos. 1998; 1: 127—-130.

Buffetaut E, Angst D. A femur of the Late Cretaceous giant bird Gargantuavis from Cruzy (southern
France) and its systematic implications. Palaeovertebrata, 2019; 42, e3.

Garcia G, Valentin X. Les restes d’oeufs de dinosaures dans les séries continentales du chainon de St
Chinian. Bull Soc Et Sci nat. Béziers. 2001-2002; 19: 11-16.

Smektala F, Buffetaut E, Deconinck J.-F, Rivers as repositories for fossil vertebrates: a case study from
the Upper Cretaceous of southern France. Proc Geol Assoc. 2014; 125: 567-577.

Tong H, Gaffney ES, Buffetaut E. Foxemys, a new side-necked turtle (Bothremydidae, Pelomedu-
soides) from the late Cretaceous of France. Am Mus novit. 1998; 3251: 1—19.

Martin JE. Allodaposuchus Nopsca, 1928 (Crocodylia, Eusuchia), from the Late Cretaceous of southern
France and its relationships to Alligatoroidea. J Verteb Paleontol. 2010; 30: 756-767.

Buffetaut E, Mechin P, Mechin-Salessy A. An azhdarchid pterosaur from the Upper Cretaceous of Pro-
vence (southern France). I:n Mesozoic and Cenozoic vertebrates and paleoenvironments, tributes the
career of Professor Dan Grigorescu, Bucharest, Editura Ars Docendi. 2006: 95—100.

Diaz VD, Garcia G, Knoll F, Pereda-Suberbiola X, Valentin X. New cranial remains of titanosaurian sau-
ropod dinosaurs from the Late Cretaceous of Fox-Amphoux-Métisson (Var, SE France). Proc Geol
Assoc. 2012; 123: 626—637.

Knoll F, Lautenschlager S, Valentin X, Diez Diaz V, Pereda Suberbiola X, Garcia G. First palaeoneuro-
logical study of a sauropod dinosaur from France and its phylogenetic significance. Peerd. 2019: 1-17.

Buffetaut E, Mechin P, Mechin-Salessy A. An archaic bird (Enantiornithes) from the Upper Cretaceous
of Provence (southern France). C. R. Acad. Sci. Paris, Sciences de la Terre et des planétes / Earth and
Planetary Sciences. 2000; 331: 557-561.

Buffetaut E, Angst D, Mechin P, Mechin-Salessy A. A femur of the giant bird Gargantuavis from the
Late Cretaceous of Var (south-eastern France). Carnets natures. 2019; 6: 47-52.

Buffetaut E, Angst D. Gargantuavis is an insular basal ornithurine: a comment on Mayr et al., 2020, ‘A
well-preserved pelvis from the Maastrichtian of Romania suggests that the enigmatic Gargantuavis is
neither an ornithurine bird nor an insular endemic’. Cretac Res. In press.

Garcia G. Les coquilles d’oeufs de dinosaures du Crétacé supérieur du sud de la France: diversité,
paléobiologie, biochronologie et paléoenvironnements. Ph.D. Dissertation. University of Montpellier Il
1998.

Le Loeuff J. Ampelosaurus atacis (nov. gen, nov. sp.), a new titanosaurid (Dinosauria, Sauropoda) from
the Late Cretaceous of the Upper Aude Valley (France). C. R. Acad. Sci. Paris, Sciences de la Terre et
des planétes / Earth and Planetary Sciences. 1995; 321: 693-700.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234183  June 5, 2020 17/19


https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1038/s41598-016-0028-x
http://www.ncbi.nlm.nih.gov/pubmed/28127051
https://doi.org/10.1371/journal.pone.0134231
http://www.ncbi.nlm.nih.gov/pubmed/26287486
https://doi.org/10.1371/journal.pone.0234183

PLOS ONE

New Late Cretaceous freshwater coelacanth remains from Southern France

37.

38.

39.

40.

41.

42,
43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Buffetaut E, Le Loeuff J. A new giant ground bird from the Upper Cretaceous of southern France. J Geol
Soc. 1998; 155:14.

Le Loeuff J. Osteology of Ampelosaurus atacis (Titanosauria) from southern France. In: Tidwell V, Car-
penter K, editors. Thunder-Lizards: The Sauropodomorph Dinosaurs. Bloomington: Indiana University
Press; 2005, pp. 115-137.

Laurent Y, Le Loeuff J, Bilotte M, Buffetaut E, Odin G.-S. Campanian—Maastrichtian continental—
marine connection at the Aquitaine—Pyrennes—Provence area (S France). In: Odin G-S, editor. Devel-
opments in Palaeontology and stratigraphy. The Campanian—Maastricthian stage boundary. Charac-
terisation at Tercis les Bains (France) and Correlation with Europe and other continents. 2001; pp. 657—
674.

Fondevilla V, Riera V, Vila B, Sellés AG, Dinares-Turell J, Vicens E, et al. Chronostratigraphic synthesis
of the latest Cretaceous dinosaur turnover in south-western Europe. Earth-sci rev. 2019; 191: 168—
189.

Fondevilla V, Dinarés-Turell J, Vila B, Le Loeuff J, Estrada R, Oms O, et al. Magnetostratigraphy of the
Maastrichtian continental record in the Upper Aude Valley (northern Pyrenees, France): Placing age
constraints on the succession of dinosaur-bearing sites. Cretac Res. 2016; 57: 457—-472.

Maisey JG. Coelacanths from the Lower Cretaceous of Brazil. Am Mus Novit. 1986; 2866: 1-30.

Yabumoto Y. A new coelacanth from the Early Cretaceous of Brazil (Sarcopterygii, Actinistia). Paleontol
Res. 2002; 12: 329-343.

de Carvalho MSS, Maisey JG. New occurrence of Mawsonia (Sarcopterygii: Actinistia) from the Early
Cretaceous of the Sanfranciscana Basin, Minas Gerais, southeastern Brazil. In: Cavin L, Longbottom
A, Richter M, editors. Fishes and the Break-up of Pangaea, Geological Society, London, Special Publi-
cations, 295. 2008, pp. 109—144.

Cupello C, Batista TA, Fragoso LG, Brito PM. Mawsoniid remains (Sarcopterygii: Actinistia) from the
lacustrine Missao Velha formation (lower cretaceous) of the Araripe Basin, North-east Brazil. Cretac
Res. 2016; 65: 10-16.

Yabumoto Y, Uyeno T. New Materials of a Cretaceous Coelacanth, Mawsonia lavocati Tabaste from
Morocco. Bull. Nat. Sci Mus Tokyo, Ser. C, 2005; 31: 39-49.

Wenz S. Un coelacanthe géant, Mawsonia lavocati Tabaste, de I'Albien-base du Cénomanien du sud
marocain. Ann Paléontol (Vert). 1981; 67: 1-20.

Schwimmer DR, Stewart JD, Williams GD. Giant fossil coelacanths of the Late Cretaceous in the east-
ern United States. Geology. 1994; 22: 503-506.

Dutel H, Maisey JG, Schwimmer DR, Janvier P, Herbin M, Clément G. The giant Cretaceous coela-
canth (Actinistia, Sarcopterygii) Megalocoelacanthus dobiei Schwimmer, Stewart & Williams, 1994, and
its bearing on Latimerioidei interrelationships. PLoS ONE. 2014: e49911. https://doi.org/10.1371/
journal.pone.0049911 PMID: 23209614

Le Loeuff J, Lang E, Cavin L, Buffetaut E. Between Tendaguru and Bahariya: on the age of the Early
Cretaceous dinosaur sites from the Continental Intercalaire and other African formations. Journal of
Stratigraphy. 2012; 36: 1-18.

Csiki-Sava Z, Buffetaut E, Osi A, Pereda-Suberbiola X, Brusatte SL. Island life in the Cretaceous—fau-
nal composition, biogeography, evolution, and extinction of land-living vertebrates on the Late Creta-
ceous European archipelago. ZooKeys. 2015; 469: 1-161.

Buffetaut E, Mechin P, Mechin-Salessy A. Un dinosaure Théropode d’affinités gondwaniennes dans le
Crétacé supérieur Provence. C R Acad Sci Paris I, 1988; 306: 153—158.

Buffetaut E. Archosaurian reptiles with Gondwanan affinities in the Upper Cretaceous of Europe. Terra
Nova, 1989; 1: 69-74.

Le Loeuff J. The Campano-Maastrichtian vertebrate faunas from southern Europe and their relation-
ships with other faunas in the world; palaeobiogeographical implications. Cretac Res. 1991; 12: 93—
114.

Buffetaut E, Le Loeuff J. The evolution of Late Cretaceous non-marine vertebrate faunas in Europe. In:
Sun A, Wang, editors. Sixth Symposium on Mesozoic Terrestrial Ecosystems and Biota. Beijing: China
Ocean Press; 1995. pp: 181—-184.

Gheerbrant E, Rage J.-C. Paleobiogeography of Africa: how distinct from Gondwana and Laurasia?
Palaeogeogr Palaeoclimatol Palaeoecol. 2006; 241: 224-246.

Szabé M, Osi A. The continental fish fauna of the Late Cretaceous (Santonian) Iharkut locality (Bakony
Mountains, Hungary). Central European Geology. 2017; 60: 230-287.

Le Loeuff J, Buffetaut E, Martin M. The last stages of dinosaur faunal history in Europe: A succession of
Maastrichtian dinosaur assemblages from the Corbiéres (southern France). Geol Mag. 1994; 31: 625—
630.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234183  June 5, 2020 18/19


https://doi.org/10.1371/journal.pone.0049911
https://doi.org/10.1371/journal.pone.0049911
http://www.ncbi.nlm.nih.gov/pubmed/23209614
https://doi.org/10.1371/journal.pone.0234183

PLOS ONE New Late Cretaceous freshwater coelacanth remains from Southern France

59. VilaB, Galobart A, Canudo J, Le Loeuff J, Dinarés-Turell J, Riera V, et al. The diversity of sauropod
dinosaurs and their first taxonomic succession from the latest Cretaceous of southwestern Europe:
Clues to demise and extinction. Palaeogeogr Palaeoclimatol Palaeoecol. 2012; 350: 19-38.

60. Cavin L, Guinot G. Coelacanths as “almost living fossils”. Front Ecol Evol. 2014; 2: 1-5.
61. Cavin L. Freshwater fishes: 250 million years of evolutionary history, Elsevier; 2017.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234183  June 5, 2020 19/19


https://doi.org/10.1371/journal.pone.0234183

